Abstract-This paper presents a review and a comparative analysis between mathematical models for the efficiency of power converters. Two different types of models are considered, being one for converters subject solely for output power variations, and a second one also considering input voltage variations. Both cases are particularly important for systems fed by renewable sources as photovoltaic panels or wind turbines. Knowledge of the appropriate models is of interest in the development of high-performance systems, allowing one to optimize the global efficiency of the converter system. Experimental results concludes the comparison between the investigated models and a discussion of pros and cons of each model are presented, providing to authors a better choice for modeling the efficiency behavior of power converters.
NOMENCLATURE
It is known that the efficiency of a system is defined by the ratio between the power delivered to the loads (output power p out ), and the power absorbed from the source (input power p in ). The losses in the conversion process are manifested in several ways, either by switching or conduction of the semiconductors, ancillary systems such as drive, protection or signaling circuits, among others [1] , [2] .
The total losses composition of a converter varies, besides its technological and constructive characteristics, in function of its operating points. For low power levels, losses in the driving circuits of the switches may be more significant and also approximately constant. As power level increases, losses related to switching and conduction of semiconductors, and to magnetic devices, starts to become more significant.
Development of mathematical models is a task that commonly faces the need of a balance between complexity and precision. For most physical systems, higher the required accuracy, greater the complexity of its mathematical model. The "incompatibility principle" states that with increasing complexity, our capacity to do accurate descriptions of a system behavior decrease until a threshold beyond which simplicity and accuracy become mutually exclusive features [3] . Thus, it can be said that a good mathematical model is the one that allows sufficient simplicity without excessively sacrificing accuracy. For the task of modeling the efficiency of power converters as a function of the input voltage or the power processed one may use different approaches. In this paper the modeling will be evaluated by means of a set of samples which may be obtained either experimentally or algebraic, from an in-depth analysis of the power conversion losses.
For optimized and high performance systems, knowledge of an appropriate efficiency model for power converters is one of the first steps to apply the optimization methodologies. In [4] the efficiency curve is employed to identify better regions of operation for systems of parallel converters such that the overall efficiency of the system is improved. Also, in [5] mathematical models for efficiency of power converters are employed in an algorithm to obtain the optimal power sharing so that systems of parallel converters are able to operate with maximum efficiency throughout its entire load range. Both cases employ the converter efficiency models as a key tool for improving the performance of energy conversion systems.
The aim of this paper is to review, evaluate and compare different approaches for modeling of power converters efficiency. Initially, the analysis of models that consider only variations in the processed output power is presented, the most common case and which is called here as unidimensional models. In the sequence, the analysis is extended for models that consider variations in two dimensions. More specifically, both input voltage and processed power variations are taken into account. This is frequently a recurring situation in systems powered by photovoltaic modules, and called here as bidimensional models. After, the investigated models are compared by means of experimental results obtained with a prototype of a boost converter with a rated output power of 250 W and an output voltage of 325 V.
II. UNIDIMENSIONAL MODELS
A common steady-state analysis of converters involves tracing of an efficiency curve as a function of the processed power, going from a minimum value to the rated power of the converter. Thus, efficiency or losses can be evaluated for different operating points.
In this sense, it is verified that the most relevant variable for the efficiency modeling of power converters is the processed power, and it is known that in function of the different operating points the efficiency can suffer considerable variations. Depending on the application characteristics in which this converter is inserted, power may be the unique parameter that suffers variations. So, the first efficiency models investigated in this paper are for these unidimensional cases.
One of the simplest approaches is presented by Keating et al. [6] , which proposes a linear interpolation between efficiency samples. These samples can be obtained both experimentally and by algebraic methods, modeling and analyzing theoretic losses for each part of the converter. The interpolation proposed by authors is defined by
where p the power for which the efficiency will be evaluated, p low and p upp the power for lower and upper samples, as well as η low and η upp the efficiency values for the lower and upper points, respectively. However, this approach requires the availability of a table of efficiency samples and its precision may be seriously compromised if the efficiency curve is inappropriate sampled. If the goal of efficiency modeling is to obtain a single mathematical expression that depends solely of numerical coefficients that may be obtained by curve fitting, a negative point of this previous approach is the discontinuities on derivatives and the need to store all samples in a table.
Those features make it difficult, or even impossible, to apply interpolation models in many numerical analysis methods.
Driesse et al. [7] presents a continuous and simple model, where the efficiency of power converters is approximated by the second order function
where α 0 , α 1 and α 2 coefficients to be obtained by curve fitting. Although presenting good correlation of the fitted curve for upper half and around the rated power, one may observe serious limitations to represent the lower part of the efficiency curve. This behavior may be unacceptable for some applications.
Such problems do not occur in the model proposed by Jantsch et al. [8] , where the authors approximate the efficiency curve by means of the function
where k 0 , k 1 and k 2 the coefficients to be fitted. Comparing to the previous, this model has the same number of coefficients, but naturally ensures zero efficiency at the origin of power axis. This feature significantly improves the correlation between samples and the fitted curve.
Another model is proposed by Dupont et al. [5] , in which the efficiency curve is treated as the rational function
where α 1 , α 0 , β 1 , and β 0 the coefficients to be adjusted. Although with more coefficients, this model features good fitting capabilities throughout the entire power range, however may show some representation problems for efficiency near the origin. This problems is due to the self characteristic of the equation, but can be bypassed with the addition of a zero efficiency sample. This sample can represent, for example, the minimum working power of the converter, below it the converter is turned off.
III. BIDIMENSIONAL MODELS
Many applications, especially for systems fed by renewable sources, it is not the power processed that only suffers variations. In these cases the input voltage may present values between a range that cannot not be neglected, and directly interfere the efficiency of converters. For those applications the unidimensional models are not sufficient, and bidimensional ones are necessary.
For such applications Chivelet et al. [9] proposes a model where the efficiency is determined by an equivalent electrical circuit. A series resistance R s and a parallel resistance R p are included between source and load to represent ohmic losses and self consumption of the converter, respectively. This model is described by
where R s and R p are the coefficients to be obtained by a surface fitting algorithm. Another approach is presented by Rampinelli et al. [10] , that modifies coefficients k 0 , k 1 and k 2 of (3), making them functions of the input voltage. The proposed model is defined by
where
However, these functions are not specified. Assuming a linear dependency of efficiency with the input voltage, one may represent this behavior defining the functions
where k 0,0 , k 0,1 , k 1,0 , k 1,1 , k 2,0 and k 2,1 the coefficients to be determined by a numeric algorithm for surface fitting. Thus, the efficiency of the converters may be modeled by the surface
named hereinafter as linear bidimensional model, due to the model dependency with the input voltage.
For converters in which input voltage cannot be linearly represented, one can opt by a model whose coefficients varies in a quadratic way both with the input voltage and with output power. For this, the following functions are defined
to apply at (6) 
It is worth to notice that although this model allows to improve the approximation of experimental samples to the fitted surface, there is a high number of coefficients to be determined. As a consequence, a larger number of samples should be passed to the fitting algorithm.
Finally, Driesse et al. [7] proposes an improved model, as named by authors, in which the quadratic term, that do not have a physical meaning, is substituted by the inverse of input voltage to represent the existence of multiple dependencies with this variable. The model proposed by authors is defined by
where the functions 
IV. EXPERIMENTAL RESULTS
Aiming to evaluate the efficiency models for curves of surfaces investigated in this paper, a comparative analysis is presented in this section. For this, experimental tests have been conducted to obtain a set of experimental efficiency samples for a 10 kHz boost converter with a rated output voltage of 325 V at 250 W. The prototype is depicted by Fig. 1 , and a full table of specifications is given by Table I .
Efficiency samples has been acquired with a Yokogawa WT1600 power analyzer after the converter reaches a thermal steady state. Input voltage has been varied in the range of 110 V to 250 V, with a 20 V step. On the other hand, the load analyzed was of 30 W, 50 W, 70 W, 102 W, 146 W, 222 W, 232 W, and 282 W, which corresponds to 12 %, 20 %, 28 %, 41 %, 59 %, 89 %, 93 %, and 113 % of the converter rated power, respectively. Thus, a total of 64 efficiency samples has been acquired.
Tests have been conducted in an increasing order for power, and on a decreasing order for input voltage. For each load The numerical adjust for the samples to the curves or surfaces of the efficiency models has been carried out with the aid of a computational tool employing the numerical algorithm of Levenberg-Marquardt [11] . Following sections present a comparative analysis between the unidimensional and bidimensional models investigated in this paper. Table I .
A. Comparison of Unidimensional Models
To compare the unidimensional models, all the efficiency samples that comprises the entire load range of the nominal input voltage has been considered. This can be the case, for example, to consider the inclusion of a minimal power level, which below this value the converter is turned off. This kind of situation cannot be adequately represented by the model of Jantsch et al.
Among the analyzed models, the model of Driesse et al. is the one that features the poorest results, mainly for low power. In the case of this model, if a zero efficiency is added, the fitting curve algorithm has problems to converge below an acceptable error, once the model itself is unable to represent a zero efficiency if α 0 = 0. Thus, the model of Driesse et al. is recommended to only represent converters whose main application deals with loads with low variations and near the rated power. It is not interesting, for example, to model the efficiency of converters applied to renewable sources, which often operate at low power and have significant power variations.
B. Comparison of Bidimensional Models
To compare the bidimensional models investigated in this paper the whole set of experimental efficiency samples presented by Table II 
